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Summary
Foxp3+CD4+CD25+ regulatory T cells can differenti-
ate from Foxp32CD4+ medullary thymocytes and
Foxp32CD4+ naive T cells. However, the impact of
these two processes on size and composition of
the peripheral repertoire of regulatory T cells is un-
clear. Here we followed the fate of individual
Foxp3+CD4+CD25+ thymocytes and T cells in vivo in
T cell receptor (TCR) transgenicmice that express a re-
stricted but polyclonal repertoire of TCRs. By utilizing
high-throughput single-cell analysis, we showed that
Foxp3+CD4+ peripheral T cells were derived from thy-
mic precursors that expressed a different TCRs than
Foxp32CD4+ medullary thymocytes and Foxp32CD4+
T cells. Furthermore, the diversity of TCRs on
Foxp3+CD4+ regulatory T cells exceeded the diversity
of TCRs on Foxp32CD4+ naive T cells, even in mice
that lack expression of tissue-specific antigens. Our
results imply that higher TCR diversity on Foxp3+ reg-
ulatory T cells helps these cells to match the specific-
ities of autoreactive and naive T cells.
Introduction
Regulatory CD4+CD25+ cells (TR) play a crucial role in
preventing autoimmunity, but they can also weaken
the organism’s response to cancer or infection (She-
vach, 2000; Thompson and Powrie, 2004). TR cells can
prevent activation of naive CD4+CD252CD442 T cells
(TN cells) and CD8
+ T cells by poorly defined mecha-
nisms that require cell-cell contact (Sakaguchi, 2004;
Schwartz, 2005; von Boehmer, 2005). Most TR cells
coexpress CD25, glucocortycoid induced TNF-like re-
ceptor (GITR), and cytotoxic T lymphocyte associated
antigen 4 (CTLA-4), but definite identification of this
subpopulation became possible only recently when
the lineage-specific transcription factor, Foxp3, was
discovered (Fontenot et al., 2003; Hori et al., 2003; Khat-
tri et al., 2003). Overexpression of Foxp3 in TN cells leads
to conversion or maturation of these cells to fully func-
tional Foxp3+ TR cells that are phenotypically and func-
tionally indistinguishable from natural Foxp3+ TR cells
(Ziegler, 2005; Fontenot et al., 2003). In mice, Foxp3
was not found in naive or effector cells, and therefore
mouse Foxp3+ T cells are considered as TR cells
(Fontenot et al., 2005b; Wan and Flavell, 2005).
*Correspondence: lignatowicz@mcg.eduNatural TR cells arise from two major sources—imma-
ture T cells committed to this lineage in the thymus and
mature T cells recruited to the regulatory population in
the periphery (Bluestone and Abbas, 2003). In the thy-
mus, TR cells may be selected from immature thymo-
cytes in the cortex or differentiate from more mature
CD82CD4+ medullary thymocytes (Jordan et al., 2001;
Bensinger et al., 2001; Fontenot et al., 2005a). In the pe-
riphery, TR cells may differentiate from naive or effector
cells upon suboptimal activation by tissue-specific
autoantigens or exogenous antigens (Seddon and
Mason, 1999; Apostolou and von Boehmer, 2004). To
date, a broad array of protocols has been developed
that can induce functional Foxp3+ TR cells in vitro and
in vivo, and these experiments consistently show that
suboptimal antigen presentation induces Foxp3 expres-
sion (Taylor et al., 2001; Apostolou and von Boehmer,
2004; Kretschmer et al., 2005). However, the frequency
of Foxp3 induction in polyclonal Foxp32 TN cells upon
contact only with self-derived peptides and the contri-
bution of this process to the pool of peripheral TR cells
has not been investigated.
Another aspect of our understanding how TR cells pre-
vent autoimmunity is the diversity of TCRs expressed by
Foxp3+ TR cells. So far, only TCRs expressed on periph-
eral CD4+CD25+ T cells were analyzed, and no uniform
conclusions have been reached. Some studies conclude
that CD4+CD25+ TR cells express a diverse repertoire of
TCRs with polymorphic arrays of the third complemen-
tarity-determining region (CDR3) lengths that overlap
with the TCR repertoire of TN cells (Kasow et al., 2004;
Fujishima et al., 2005), whereas another study con-
cludes that TR cells express different TCRs that are usu-
ally self-reactive (Hsieh et al., 2004). Those findings do
not examine how self-reactivity is acquired by TR cells
or where these various T cell clones are recruited. More-
over, TR cells can also be specific to antigens derived
from microbes, parasites, or tumors, implying that not
all Foxp3+ TR cells are self-reactive (Cong et al., 2002;
Belkaid et al., 2002; Suvas et al., 2003).
To determine the relationship between TR cells gener-
ated in the thymus and those generated in the periphery,
we analyzed the TCR repertoires on thymic and periph-
eral Foxp32 TN and Foxp3
+ TR cell clones in mice that
express a controllable set of TCRs. In this model, a trans-
genic TCRa minilocus undergoes rearrangements,
which allows for normal T cell development in the thy-
mus and generates a polyclonal repertoire of TCRs
(TCRmini). Our results imply that the diversity of TCRs ex-
pressed on TR cells surpasses the diversity of TCRs ex-
pressed on TN cells. Furthermore, clonal distribution of
TR cells remained very similar in the thymus and in the
periphery, and this balance was preserved irrespective
of complexity of peptides bound to class II MHC. This
last observation suggests that most peripheral Foxp3+
TR cells differentiate in the thymus and that Foxp3 is
continuously expressed in these cells. We have also
found that in our model, upon contact with self-derived
antigens, conversion of Foxp32 TN cells to Foxp3
+ TR
cells happens rarely.
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TR Cells Mature in TCR
mini Mice Expressing
a Constrained Repertoire of TCRs
The wild-type TCR repertoire is highly heterogeneous,
and its diversity is difficult to comprehend because of
the low frequency of T cells bearing the same TCRs.
Even in TCRb transgenic mice, where all T cells express
one TCRb chain but can rearrange various TCRa
chains, it is difficult to find the same T cell clones in dif-
ferent subpopulations, organs, or animals (Sant’Angelo
et al., 1997; Hsieh et al., 2004). To circumvent this prob-
lem, we generated a TCR transgenic mouse in which
all the T cells use the same transgenic TCRb chain
(Vb14Db2Jb2.6), and the TCRa chain allows for rear-
rangements of only a single Va2.9 segment to one of
the two Ja (Ja26 and Ja2) segments (Figure 1A). In
the TCRmini mice, thymic development proceeded nor-
mally: the thymocytes had natural Va2 expression, all
CD4+CD82 thymocytes were Va2highVb14high, and their
selection was very efficient (Figures 1B and 1D). As
shown in Figure 1C, preselected CD4+CD8+ thymo-
cytes had a Gaussian-like distribution of CDR3 lengths
of rearranged TCRa chains, demonstrating a high
diversity of rearranged TCRVa2-Ja26(Ja2) minilocus.
After selection, however, the CDR3 lengths of TCRa
chains on CD4+CD82 thymocytes become more con-
strained, indicating that the repertoire of TCRs in
TCRmini mice is shaped by thymic selection. The total
number of thymic and peripheral CD4+ T cells in
TCRmini mice was similar to wild-type mice, indicating
that the restriction of TCR diversity implemented in
this model does not alter T cell homeostasis. In addi-
tion, CD4+ T cell hybridomas established from TCRmini
mice recognized different arbitrarily chosen peptides,
indicating that this repertoire can respond to a wide
range of different self and nonself antigens (see
Figure S1 in the Supplemental Data available with this
article online).
Next, we compared the development, phenotype,
Foxp3 expression, and function of TR cells from TCR
mini
and wild-type mice. As shown in Figure 1D, approxi-
mately 1% of the CD4+ thymocytes and approximately
3% of the CD4+ lymph node T cells were CD25+. Thus,
TCRmini mice contain fewer TR cells than wild-type
mice, but, considering the constraints of the TCR reper-
toire in this model, this proportion of TR cells was signif-
icant. Furthermore, the patterns of CD62L and CD103
expression were very similar on thymic and peripheral
TR cells from TCR
mini mice and wild-type mice (Fig-
ure 1D). To determine Foxp3 expression, we performed
single-cell sorting followed by single-cell reverse tran-
scriptase polymerase chain reaction (RT-PCR). As
expected, more than 70% of individually sorted TR cells
and less than 1% of CD4+CD82CD252CD442 (TN) cells
expressed Foxp3 (purity of both sorts exceeded 98%)
(Figure 1F). Finally, to confirm the function of TR cells
from TCRmini mice, these cells were cocultured with
autologous TN cells in a suppression assay. As shown
in Figure 1G, the response of the TN cells to TCR
stimulation was strongly inhibited, and the extent of in-
hibition correlated with a higher ratio of TR to TN cells.
Thus, we concluded that TR cells from TCR
mini mice, in
which all T cells express one TCRb chain and variousTCRa chains, exhibited the phenotypic and functional
features of TR cells found in wild-type mice.
The Majority of TR Cells Originate from the Thymus
Next, we wanted to determine the impact of thymic se-
lection and peripheral conversion on the repertoire of
TR cells. In our model, the TCR
mini repertoire allows us
to look at the whole repertoire of TCRs in TCRmini
mice, since we can use the CDR3a region of Va2.9-
Ja26(Ja2) as a molecular marker of individual T cell
clones.
To determine the relationship between thymic and pe-
ripheral TR cells, we sorted CD4
+CD82CD25+ and
CD4+CD82CD252CD442 cells from the thymii and the
lymph nodes of TCRmini mice. The TCR repertoires of
sorted populations were determined with two-dimen-
sional, fluorescent, single-stranded conformational
polymorphism (2D-F-SSCP). In this method, CDR3a re-
gions are amplified from cDNA of sorted cells by RT-
PCR. Next, the PCR product is used as a template for
a run-off reaction with dye-labeled primers. The fluores-
cent run-off products were first separated according to
their length in a denaturing gel (first dimension—capil-
lary electrophoresis) and further separated according
to their nucleotide sequence in a nondenaturing gel
(second dimension—SSCP).
As shown in Figure 2A, the CDR3a length profiles of
sorted TN and TR cells were similar between thymic
and peripheral subpopulations, with a dominant 8 amino
acid long CDR3a region. Separation of each CDR3a size
peak on the second-dimension SSCP gel revealed the
presence of numerous spots, representing different
CDR3a regions (Figure 2A, bottom). The 2D pattern
formed by separation of CDR3a regions from thymic
TR cells closely resembled the pattern of CDR3a regions
obtained from peripheral TR cells. Likewise, the CDR3a
regions overrepresented in TN cells in the thymus or
lymph nodes were very similar. To confirm the identity
of matching spots, spots were arbitrarily selected from
the gel and sequenced. By using 2D-F-SSCP analysis,
we found no evidence of major reshaping of the periph-
eral TCR repertoire in TCRmini mice, indicating dominant
impact of thymic selection. Additionally, migration of the
individual spots for the dominant CDR3a length of 8
amino acids suggested that some of these sequences
may be shared between TN and TR cells.
Foxp3 is currently the most reliable marker of TR cells.
To determine whether Foxp3+ thymocytes represent the
precursors of peripheral TR cells, we analyzed expres-
sion of Foxp3 in individual cells by single-cell sorting
and RT-PCR analysis. Thymic and peripheral TN and
TR cells were sorted as single cells directly onto 96-
well plates and checked for Foxp3 and Va2-Ja26(Ja2)
expression by RT-PCR. Purity of single-cell sorting ex-
ceeded 99.5%. As shown in Table 1, we analyzed 1447
TCRs, of which 724 were derived from Foxp32 TN cells
and 723 were derived from Foxp3+ TR cells. Strikingly,
when we looked at the 10 most abundant thymic
CDR3a regions for each subpopulation, the same
CDR3a regions were also abundant in the lymph nodes
(Figure 2B and Figures S2A and S2B). We also noticed
that 2 out of the 10 most abundant sequences were
common to both TN and TR cells, indicating that the
same TCRs can facilitate selection of TN and TR cells.
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(A) TCRa and TCRb constructs used to make TCRmini mice. The TCRamini construct is composed of Va2.9 and Ja26 or Ja2 segments in nonrear-
ranged conformation (see Experimental Procedures). RSS, recombination signal sequence.
(B) TCRmini mice have natural expression of transgenic TCRVa2 chains on thymocytes.
(C) Profiles of CDR3 region of Va2.9-Ja26(Ja2) rearrangements obtained from cDNA of preselected CD4+CD8+Va2intCD692 thymocytes (top) and
from selected CD4+CD82 thymocytes (bottom), after fragment analysis of fluorescent PCR products on 3730xl DNA Analyzer (Applied Biosys-
tems). Profiles were obtained after analysis with GeneMapper software (Applied Biosystems).
(D) Phenotype of thymocytes and lymph node T cells stained with anti-CD62L-FITC, CD103-biot-SA-PE, CD25-PECy5, CD8-PECy7, and CD4-
APC. Numbers in quadrants are representative of 10 mice analyzed. The right dot plots represent gated CD4+CD25+ cells from C57BL/6 mouse.
The numbers of cells recovered from thymii and lymph nodes of TCRmini mice were 87.2 3 106 6 35.8 and 24.9 3 106 6 4.7, respectively.
(E) Purity of double-sorted CD4+CD82CD252CD442 (TN) and CD4
+CD82CD25+(TR) T cells from TCR
mini mice.
(F) Populations from (E) were additionally sorted onto 96-well plate (1 cell per well). Total of more than 3000 cells was checked for Va2 and Foxp3
expression by RT-PCR. Graph shows percentages of Foxp3+ cells in which Va2 expression was also detected. Results are shown as arithmetical
mean 6 SD of three to five experiments.
(G) In vitro suppression assay. 2 3 104 CD4+CD252 autologous cells were cocultured with indicated proportion of CD4+CD25+ T cells from
TCRmini mice, in the presence of irradiated splenocytes and anti-CD3 mAb (10 mg/ml). Results are shown as arithmetical mean6 SD of triplicate
cultures. Data are representative of at least three independent experiments.
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mini Mice
(A) 2D SSCP reveals overlap of CDR3 region of TCRa chains from thymic or peripheral TN and TR cells from TCR
mini mice. cDNA was synthesized
from RNA of double-sorted TR or TN cells (Figure 1E). Run-off PCR was done with primers coupled with 6-FAM (fluorescent dye). Top profiles
show spectratyping analysis of CDR3 size distribution obtained from first dimension of capillary electrophoresis with denaturing PAGE. 2D
gel shows distribution of fluorescent PCR products from indicated populations. 2D gel was scanned on Typhoon 9400 instrument with resolution
of 50 mm. Selected spots were picked from the gel, reamplified, and sequenced to confirm the identity of identical CDR3 regions.
(B) Dominant clones contribute equally to the pools of thymic and peripheral TN and TR cells. The 10 most abundant thymic CDR3 sequences
obtained from sequencing of single-cell RT-PCR products from thymocytes and T cells.
(C) TCRa sequences from thymic and peripheral TN and TR cells are often similar. Similarity indices were computed with EstimateS software,
based on 1447 sequences from Table 1. The Jaccard Classic (CJ) index shows a ratio of common sequences to the number of total unique se-
quences observed based on their presence or absence. The Morisita-Horn (MH) index assesses the probability that any two randomly chosen
sequences from two populations will be the same. The Ann Chao Jaccard abundance-based (CJabd) index assesses the probability that randomly
chosen individuals from two populations will belong to shared versus unshared species (not necessarily to the same species) and is best suited
to compare compositional similarity between samples that contain numerous rare species (Chao et al., 2005). These indices range from 0 (no
similarity) to 1 (total similarity). Thym, thymus; LN, lymph nodes.To determine the overlap between thymic and periph-
eral repertoires of TR and TN cells, we performed statis-
tical analysis of all 1447 sequences obtained from
TCRmini mice. By using statistical software EstimateS
(http://viceroy.eeb.uconn.edu/estimates), previously
used to analyze CDR3 regions of TCRa chains (Hsieh
et al., 2004), we calculated two types of similarity indi-
ces. The Jaccard Classic (Cj) compares two populations
based on the presence or absence of individual se-
quences. The Morisita-Horn index (MH) and Chao abun-
dance-based Jaccard index (CJabd) additionally con-
siders the abundance of individual sequences. As
shown in Figure 2C, the repertoires of TCRs found on
thymocytes and T cells belonging to the same group
of cells had the highest degree of overlap (70%–80%
for TN cells and 65% for TR cells), whereas the lowest
overlap was found between TR and TN cells (10%–
20%). Importantly, the similarity between peripheral TR
and TN cells did not increase in comparison with the rel-
evant thymic subpopulations, suggesting that the pe-
ripheral TR cells are not significantly enriched by the
recruitment of TN cells upon contact with self-antigens.
To examine whether the impact of thymic selection
observed here can be found in wild-type mice, we com-pared 2D-F-SSCP profiles of Va2+CD4+ TN cells from
wild-type mice (C57BL/6), which showed overlapping
patterns of dominant clones between thymic and pe-
ripheral populations (Figure S3).
In summary, 2D-F-SSCP and single-analysis of TCR
and Foxp3 expression demonstrated a consistent im-
print of thymic selection on the repertoire of TCRs
used by peripheral CD4+ T cells and provided strong ev-
idence that expression of Foxp3 was sustained during
the lifespan of an individual TR cell. In contrast, we found
no evidence that in our model Foxp32 TN cells were
converted to Foxp3+ TR cells after exposure to self-
antigens.
The Diversity of TCRs Expressed by TR Cells Is
Greater than the Diversity of TCRs Expressed
by TN Cells
The diversity of TCRs expressed by TR cells is poorly
characterized. It is reported that the TR TCR repertoire
has comparable diversity to that of TN cells and that it
is composed of TCRs with high affinity for self-derived
antigens (Takahashi et al., 1998; Kasow et al., 2004).
However, the comparisons of TCRs on TN and TR cells
performed to date used CD25 and not Foxp3 expression
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ered only a small portion of TCRs or CDR3 spectratyping
(Hsieh et al., 2004; Kasow et al., 2004; Fujishima et al.,
2005). Here, we used TCRmini mice as a unique model
where the diversity of TCRs expressed on Foxp3+ TR
and Foxp32 TN cells could be comprehensively
analyzed.
To illustrate the diversity of TCRs expressed by TR and
TN cells, we displayed all 1447 CDR3a sequences as pie
charts (Figure 3A). We correlated Foxp3 expression with
individual CDR3a regions to ensure that all TR cells ana-
lyzed here are Foxp3+ and all TN cells are Foxp3
2. As
shown, the diversity of TCRs, as well as the contribution
of abundant clones to that diversity, was preserved be-
tween the thymus (inner circle) and the periphery (outer
circle) for both TR and TN cells. Moreover, several clones
were present at high frequency in the repertoire of TN
cells, whereas clones in the repertoire of TR cells were
more evenly distributed. This suggested that TN cells
were more prone to clonal dominance than TR cells
and that the TR cells expressed a more diverse reper-
toire of TCRs.
Spectratyping analysis and random sequencing of
TCRs from TN and TR cells showed a dominant length
of the CDR3a region of 8 amino acids (Figure 2A, top; Ta-
ble 1). Therefore, we chose this CDR3 length to deter-
mine whether the CDR3 sequences were representative
of the entire population. When all 8 amino acid long
CDR3a regions obtained from TN cells were plotted
against the number of unique CDR3a regions, the accu-
mulation curve reached a plateau. This indicated that we
did achieve the diversity limit for this CDR3 length for TN
cells. This finding also fulfilled the statistical requirement
that sampled populations can be accurately compared
based on the total numbers of different species, when
the accumulation curves of analyzed populations will
reach a plateau (Gotelli and Colwell, 2001).
To compare the diversity based on the estimated total
number of possible receptors in both TN and TR cells, we
used the abundance- or incidence-based coverage esti-
Table 1. CDR3a Size Distribution in Sequences Obtained from
Single-Cell RT-PCR from TCRmini Mice
Foxp32 TN Foxp3
+ TR
CDR3 Lengtha Thymus Lymph Nodes Thymus Lymph Nodes
2 1 1 1
3 1 2
4 1
5 1 6 7
6 1 1 6 9
7 24 13 24 22
8 201 227 85 103
9 69 62 95 98
10 19 28 58 58
11 14 33 25 30
12 13 10 13 13
13 4 1 22 37
14 5 2
15 1
Unique 124 117 213 208
Total 346 378 340 383
a The CDR3 region starts with the third amino acid after the invariant
C residue in all TCRAV genes (L/F-C-A-X-first) and spans to the
amino acid immediately preceding the TCRAJ motif (last-F-G-X-F-G).mators (ACE or ICE) (Chao and Lee, 1992; Lee and Chao,
1994), previously applied to estimate the total number of
CDR3 regions (Hsieh et al., 2004). As shown in Figure 3C,
these estimator curves demonstrated that the diversity
of TCRs expressed by TR cells exceeds rather than
matches the diversity of TCRs used by TN cells. Addi-
tionally, for the TN cells, both ACE and ICE calculated
very similar values, confirming exhaustion of the diver-
sity of the TCRs used by this population. In contrast,
for the TR cells, the ICE was higher than the ACE, sug-
gesting that for this population, more sequencing would
be required to find the final estimate of the total unique
CDR3 regions. Taken together, these data suggested
that the TCR diversity of TR cells is greater than the
TCR diversity of TN cells in both the thymus and the
periphery.
To confirm the results from the single-cell RT-PCRs
and our statistical evaluation of the diversity of TCRs uti-
lized by TR and TN cells, we next compared the 2D-F-
SSCP profiles of the dominant CDR3 regions utilized
by TN and TR cells. As shown in Figure 3D, the CDR3 re-
gions amplified from TCRs of TR cells consistently
showed twice as many spots as the TN cells. These
data provided additional evidence to the statistical anal-
ysis that TR cells express a more diverse TCR repertoire
than TN cells.
Expression of a Single Self-Peptide Bound to Ab
Does Not Reduce Relative Diversity of TR to TN Cells
Considering that the diversity of TCRs on TR cells ex-
ceeds the diversity of TCRs on TN cells in TCR
mini
mice, we wanted to determine whether this phenome-
non is due to high-affinity interactions of TCRs with
a wide range of tissue-specific self-antigen(s) or if it is in-
trinsic, at least in part, to TR cells (Seddon and Mason,
1999; Jordan et al., 2001; van Santen et al., 2004). To ex-
amine this problem, we backcrossed the TCRmini mice
with mice that expressed only transgenic Ab molecules
covalently bound to a single peptide, Ep(52-68), and
do not express endogenously processed peptides
(TCRminiAbEp mice). A comparison of the TCR diversity
of TR and TN cells in TCR
miniAbEp mice would demon-
strate whether TCRs on TR cells are limited to receptors
with increased affinity to self AbEp complex. In this sce-
nario, the repertoire of TR cells in TCR
miniAbEp mice
would be much more constrained than that of TN cells.
As shown in Figure 4A, TR cells continued to develop
in TCRminiAbEp mice, although with reduced numbers in
comparison with the original TCRmini mice. The expres-
sion of CD103 or CD62L molecules on TR cells in the
TCRminiAbEp mice was normal (Figure 4A). These TR
cells suppressed autologous TN cells in vitro, and
more than 75% of CD4+CD25+ cells from TCRminiAbEp
mice expressed Foxp3 (as determined by single-cell
RT-PCR on >2000 cells, data not shown). Furthermore,
many CD4+ hybridomas derived from TCRminiAbEp
mice recognized Ab molecules bound with endoge-
nously derived peptides from C57BL/6 mice, as previ-
ously shown for TCRs selected in AbEp mice (Fig-
ure S1B; Ignatowicz et al., 1996). In TCRminiAbEp mice,
this result has also proved that diversity of the TCRmini
repertoire is sufficient to recognize endogenously de-
rived antigens. Thus, we conclude that TR cells from
TCRminiAbEp mice express polyclonal TCRs and share
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(A) Pie-chart representation of sequences obtained from single-cell RT-PCR. Each protein sequence is represented by a different color (due to
the high diversity, some colors are repeated more than once). The size of a pie slice represents the frequency of a particular TCRa sequence. The
outer and inner pie circles represent sequences obtained from lymph nodes and thymii, respectively. Pie charts were generated with our Access
database based on the 1447 sequences summarized in Table 1.
(B) Analysis of unique protein sequences obtained from cells utilizing VaJa rearrangements containing CDR3 regions with the length of 8 amino
acids. The sequences are plotted on the x axis in the order of appearance. Histogram shows unique clones observed (Obs) and estimated (ACE)
for Foxp32 TN and Foxp3
+ TR cells. Abundance-based coverage estimator (ACE) estimates species richness based on the proportion of all in-
dividuals in rare species (found 10 times or less). ACE was calculated with EstimateS software.
(C) Estimation of total unique sequences for Foxp32 TN and Foxp3
+ TR populations in thymus and lymph nodes of TCR
mini mouse. The incidence-
based estimator (ICE) is similar to ACE except that it is based on incidence data and on sampling of a particular population multiple times. The
sequences are plotted in the order of appearance, and both estimators are calculated without randomization. ACE and ICE were calculated with
EstimateS software.
(D) Diversity of TCRa CDR3 regions isolated from TR and TN cells and analyzed by 2D-F-SSCP. PCR products of cDNA from sorted populations
were subjected to run-off PCR with primers labeled with Cy3 or Cy5 for TN or TR cells, respectively. Subsequently, they were subjected to 2D-F-
SSCP electrophoresis. The intensity of individual dots corresponds to the real frequency of a particular rearrangement in the original sample.
Spots migrating with different speed on the second-dimension SSCP gel represent different VaJa rearrangements. Overlapping spots between
two populations are shown in yellow. They may represent identical VaJa rearrangements. Data are representative of six independent experi-
ments.
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mini Mice Expressing One Autoantigen Bound to Ab
(A) TR cells continue to develop in TCR
miniAbEp mice. Phenotype of thymocytes and lymph node T cells stained with anti-CD62L-FITC, CD103-
biot-SA-PE, CD25-PECy5, CD8-PECy7, and CD4-APC. Numbers in quadrants are representative for at least 10 mice analyzed. The numbers of
cells recovered from thymii and lymph nodes of TCRminiAbEp mice were 105.0 3 106 6 44.5 and 23.6 3 106 6 6.4, respectively.
(B) Comparison of the TCR diversity between thymic (inner circle) and peripheral (outer circle) TN and TR cells from TCR
miniAbEp mice. Pie charts
represent sequences obtained from single-cell sorting and RT-PCR analysis (see also Table 2).
(C) Dominant clones contribute equally to the pools of thymic and peripheral T cells. Occurrence of 10 most abundant thymic CDR3 regions
obtained from sequencing of single-cell RT-PCR products from thymus and lymph nodes of TCRminiAbEp mouse.
(D) Diversity of TR cells is higher than TN cells in TCR
miniAbEp mice. Estimation of total unique sequences for Foxp32 TN and Foxp3
+ TR popu-
lations in thymus and lymph nodes of TCRminiAbEp mouse. ACE and estimated standard error were calculated with Spade software (http://
viceroy.eeb.uconn.edu/estimates; http://chao.stat.nthu.edu.tw).the phenotypic and functional features with TR cells from
wild-type mice.
To compare the repertoires of TCRs utilized by TN and
TR cells in the lymph nodes and thymus of TCR
miniAbEp
mice, we sequenced a total of 821 TCRa chains from
sorted single cells and displayed their CDR3 sequences
as pie charts (Figure 4B and Table 2). As shown in this
figure, despite the ubiquitous presentation of the AbEp
complex, the diversity of TR cells (all Foxp3
+) remained
high. The repertoires of both the TR and TN cells had
a significant imprint of thymic selection, and most
TCRs found on peripheral TR and TN cells (outer circles)
were also found on the relevant thymic Foxp3+ or
Foxp32 precursors (inner circles). In the periphery,
clones that were overrepresented in TN and TR cells
most frequently had a CDR3 length of six amino acids,
and two of these clones were common to both typesof cells (Figure 4C and Figures S2C and S2D). The
greater TCR diversity of TR cells was confirmed by com-
putation of ACE for all sequences obtained from the
sampled populations (Figure 4D). Overall, these results
suggested that the repertoire of TR cells in TCR
miniAbEp
mice is not limited to TCRs specific to the AbEp complex
and that TCRs on these TR cells encode different antigen
specificities.
To examine the impact of self-derived peptides on the
repertoire of TCRs expressed by TR cells, we analyzed
all 2268 CDR3 sequences by two abundance-based
similarity estimators. This comparison between TN and
TR cells derived from original TCR
mini and TCRminiAbEp
mice showed only a few shared TCRs (Figure 5A).
To confirm this analysis, we compared 2D patterns
of CDR3 regions used by TR cells from TCR
mini or
TCRminiAbEp mice (Figure 5B). Consistent with the
Immunity
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demonstrated an almost complete lack of overlap
between TCRs found in the two analyzed TCRmini
mice. Altogether, our data suggests that thymic selec-
tion generates high diversity of TCRs on TR cells in
mice expressing Ab bound with endogenous peptides
(TCRmini) and abundant Ep peptide (TCRminiAbEp) (Bar-
ton et al., 2002; Pacholczyk et al., 2001).
Discussion
In this report, we examined TCRs expressed by Foxp3+
cells in the thymus and in the periphery in mice with
a TCRmini repertoire. In this model, naturally rearranged
Va2-Ja26(Ja2) chains pair with one transgenic TCRb
chain, forming a TCR repertoire specific toward different
self and nonself antigens. Our results show that thymic
and peripheral TR cells use largely overlapping sets of
TCRs and share dominant clones. In contrast, these
TCRs are different from the TCRs used by thymic or pe-
ripheral TN cells. Our conclusion does not contradict
studies showing that development of tissue-specific
TR cells requires a source of self-antigens (Seddon and
Mason, 1999). The peripheral antigens can participate
in thymic selection, and our results suggest that the
Foxp3+ TR cells arise in the thymus and that thymic
selection plays a major role in shaping the repertoire of
peripheral Foxp3+ TR cells that control tolerance to tis-
sue-derived antigens. Our results differ from the results
obtained from another mouse model with a limited TCR
repertoire in regard to thymic input on a peripheral rep-
ertoire of T cells, where distribution of the TCRs in the
thymus and in the periphery was different (Correia-
Neves et al., 2001). In that report, an imprint of thymic se-
lection on the peripheral repertoire was diminished, and
many dominant thymic clones either vanished or were
overcome by low-abundant clones that expanded in
the periphery. Possibly, the discrepancies between
these two models might arise from the differences with
which TCRs were chosen for these studies, which influ-
ence the efficiency of thymic selection and susceptibility
to endogenous superantigens (Dyson and Elliott, 1999).
The path of thymic maturation of TR cells is currently
unclear. It has been proposed that TR cells may separate
from TN cells during thymic selection of CD4
+CD8+ thy-
mocytes in the cortex, or differentiate later from more
mature CD4+ thymocytes in the medulla. Thymic me-
Table 2. CDR3a Size Distribution in Sequences Obtained from
Single-Cell RT-PCR from TCRminiAbEp Mice
Foxp32 TN Foxp3
+ TR
CDR3 Length Thymus Lymph Nodes Thymus Lymph Nodes
4 3 8
5 10 8 1 1
6 63 128 85 131
7 39 20 14 5
8 45 14 22 9
9 31 18 69 65
10 15 9 3 2
11 1 1 1
Unique 101 78 93 94
Total 207 206 194 214dulla has been considered as a site where TR precursors
mature after contacts with tissue-specific peptides pre-
sented by thymic medullary epithelial cells or dendritic
cells instructed by Hassall’s corpuscles (Watanabe
et al., 2005; Fontenot et al., 2005a). However, unob-
structed maturation of TR cells in AIRE-deficient or
CCR7-deficient mice, which have impaired presentation
of either tissue-specific antigens or thymocyte traffick-
ing, imply that cortex, not medulla, is required for
Foxp3 induction (Kurobe et al., 2006; Anderson et al.,
Figure 5. TCRmini and TCRminiAbEp Have Nonoverlapping Reper-
toires of TCRs
(A) Similarity indices were obtained as in Figure 2C, based on the
analysis of all 2268 sequences summarized in Tables 1 and 2.
(B) 2D-F-SSCP analysis of TCRa from TR cells from TCR
miniAbEp
(green) or TCRmini (red) reveals very few overlapping CDR3
sequences.
Data are representative of two independent experiments.
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2572005). Although most Foxp3+ thymocytes appear late
(i.e., in the medulla), it is plausible that their commitment
occurs at CD4+CD8+ stage (Bensinger et al., 2001; Pa-
cholczyk et al., 2002). Precursors of TR cells in the prese-
lected CD4+CD8+ population were implicated in one of
the two knockin pFoxp3-GFP(RFP) studies, but the
other study initially found no link between Foxp3+ imma-
ture and more mature thymocytes (Wan and Flavell,
2005; Fontenot et al., 2005b). These two studies also im-
plied that thymic Foxp3+ TR cells contribute to the pe-
ripheral pool of Foxp3+ TR cells, but did not attempt to
estimate the input of thymic differentiation of Foxp3+
TR cells. Given that most TCRs found on Foxp3
+ thymo-
cytes were missing on Foxp32 thymocytes, our study
supports the view that natural TR cells separate in the
cortex. If Foxp3+ TR thymocytes originated from medul-
lary Foxp32CD4+ thymocytes, then the former repertoire
should represent a fraction of the latter repertoire. Fur-
thermore, in our model, the natural conversion of
Foxp32 TN cells in the periphery occurred rarely. This
agrees with reports suggesting that conditions for
Foxp32 TN conversion in mice is more stringent than in
humans (Ziegler, 2005). Conversion of Foxp32 TN cells
has been induced after suboptimal TCR activation in dif-
ferent experimental settings, but a frequency of this pro-
cess during the TN cell lifespan should be further exam-
ined. Finally, we identified many identical TR clones in
the thymus and periphery, which implied that the ex-
pression of FoxP3 is triggered in immature thymocyte
and is continuously expressed in mature TR cells.
We also found that the TR cells have a greater diversity
of TCRs than the TN cells. Our experimental approach in-
creases the clonal frequency, allowing reliable identifi-
cation of the same TCRs under different conditions. A
greater complexity of the repertoire of TR cells was
also maintained in TCRminiAbEp mice, indicating that
high-affinity interactions with rare peptides, which are
absent in these mice, are not exclusively required for
development of TR cells, but rather that TN and TR cells
undergo selection on the same MHC and peptide com-
plexes. In addition, greater diversity of TCRs on TR cells
eliminates the need for an increased crossreactivity of
TCRs on TR cells and explains how TR cells control TN
cells with various specificities to self and foreign anti-
gens. Likely, a homeostatic balance between TR and
TN cells exposed to antigen, not the origin of antigen,
will determine whether the immunological response is
continued or terminated by TR cells (Kallies et al., 2006).
It has been proposed that TR cells should possess
specificities focused on self-antigens; however, that is
undermined by the fact that TR cells can control respon-
siveness to foreign antigens (Cong et al., 2002; Belkaid
et al., 2002; Suvas et al., 2003). This paradox could be
explained by a bystander effect of self-reactive TR cells
or by the aforementioned increased crossreactivity of
TCRs used by TR cells. Although our data cannot ex-
clude the possibility that the majority of natural TR cells
is self-reactive, we suggest that self-reactivity is not
necessarily a functional marker of Foxp3+ TR cells. We
found that in TCRminiAbEp mice, both TN and TR cells ex-
pressed TCRa chains with 6 amino acid long CDR3 re-
gions, which are rarely found in AbEp-specific TCRs
from the TCRmini mice (data not shown). Importantly, re-
stricted TCR diversity in the TCRmini model did not limitthe selection of potentially self-reactive Foxp3+ TR cells,
because T cells from TCRminiAbEp mice frequently rec-
ognized endogenously derived self-peptides bound to
Ab (Abwt) (Figure S1B). Surprisingly, although the diver-
sity of TCRs on TR cells exceeded the diversity of TCRs
on TN cells, these repertories had approximately 20%
(Morisita-Horn index of 0.2) and 38% (Morisita-Horn in-
dex of 0.38) of shared TCRs in TCRmini and TCRminiAbEp
mice, respectively. This overlap, also noticed by others
at less than 10% (Morisita-Horn < 0.1) (Hsieh et al.,
2004), may indicate that TCR affinity to MHC alone is
not solely responsible for the separation of TN and TR
cells in the thymus. Results presented here agree with
studies performed with TCR transgenic RAG2 mice
that demonstrated that identical TCR can be expressed
by both Foxp32 and Foxp3+ T cells (Apostolou et al.,
2002). Although our data do not directly address a mech-
anism of commitment of TR cells, the above mentioned
fact that a substantial number of identical TCRs is ex-
pressed on TN and TR cells implies that precursors of
TR cells use TCRs to survive selection, but their lineage
commitment may be also determined by additional sig-
nal(s) (van Santen et al., 2004).
It is well established that TCR diversity is required for
efficient selection of TR cells. The TCR
miniAbEp mice
have reduced TCR diversity and express a single class
II MHC and peptide complex. Therefore, our experimen-
tal settings could impose a more stringent condition for
TR cells selection, which might favor selection of infre-
quent receptors and increase the diversity of TCRs on
TR cells. Selective pressure could also result in over-
representation of rare T cells with endogenous TCRb
chains; however, we did not detect expression of other
TCRb chains on T cells in our model (Figure S4). The de-
creased total number of TR cells in TCR
mini mice could
also reduce competition between cells with different
specificities, resulting in a similar repertoire of TCRs
found in the thymus and in the periphery. Nevertheless,
we found that TCRmini mice have T cells with different
antigen specificities (Figure S1), suggesting that the di-
versity encoded in this model is sufficient to support
these cells’ selection and maintenance in the periphery.
While this article was under review, an analysis of
TCRs expressed by TR cells in Foxp3-sufficient and
Foxp3-deficient TCRb transgenic mice was published
(Hsieh et al., 2006). This analysis also found that thymic
selection leaves an imprint on the peripheral repertoire
of TCRs on CD25+ TR cells (see also Fujishima et al.,
2005) and that thymic CD252 and CD25+ T cells have dif-
ferent TCR repertoires. It further concluded that CD252
and CD25+ cells have similar TCR diversity, whereas we
found a higher diversity of TCRs on TR cells. These dif-
ferences might result from the fact that our analysis ex-
cluded memory and FoxP3+CD252 cells, resulting in dif-
ferent estimates of TCR diversity for nonregulatory
CD252 T cells in these two reports. The same report
also concluded that the TR population expressed TCRs
found on CD25+ T cells in Foxp3-deficient mice. In our
model, we found the same TCRs on Foxp32CD25+ and
Foxp3+CD25+ thymocytes (data not shown), suggesting
that the Foxp32CD25+ population is generated regard-
less of the presence of Foxp3. Possibly, Foxp3-deficient
mice continue to select ‘‘wannabe’’ CD25+ TR cells with-
out regulatory function that would increase the overlap
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+ cells from Foxp3-suffi-
cent and Foxp3-deficient mice, respectively.
Experimental Procedures
Mice
Production of VaJa/bTg (TCRmini) construct is described in Supple-
mental Experimental Procedures. The TCRminiAbwt mice were ob-
tained as follows: mice expressing transgenic Va and Ja segments
in germline configuration were crossed with transgenic mice ex-
pressing TCRb chain of the AbEp63K-specific TCR (produced in an
analogous way as the abTg mice) (Kraj et al., 2001). The TCRminiAbEp
mice were obtained by crossing VaJa/bTg Abwt mice with mice defi-
cient for the invariant chain and endogenous Abb chain, but express-
ing single covalent AbEp complex (Ignatowicz et al., 1996). To elim-
inate expression of endogenous TCRa chains, all TCRmini mice used
in this paper were crossed with mice deficient in endogenous TCRa
genes (Mombaerts et al., 1992). All TCRmini mice were 6 to 8 weeks
old and were heterozygous for TCRaminilocus to ensure expression
of a single TCR.
All mice were housed under specific pathogen-free conditions in
the animal care facility at the Medical College of Georgia. All work in-
volving animals was conducted under protocols approved by the
Animal Care and Use Committee at the Medical College of Georgia.
Cell Preparations and Flow Cytometry Analysis
Single-cell suspensions were prepared from thymi and lymph nodes
by mechanical disruption through nylon mesh. The following anti-
bodies were used for flow cytometry analyses: anti-CD4-APC,
anti-CD8-PerCP, anti-CD8-PE-Cy7, anti-CD25-FITC, anti-CD25-
PE-Cy5, anti-CD44-PE, anti-CD62L-FITC, anti-CD103-Biotin, anti-
Va2-PE, and anti-Vb14-FITC (all from BD PharMingen or eBio-
science). Biotinylated antibody was detected with Streptavidin-PE
(BD PharMingen). All FACS analyses were performed with MoFlo
sorter and Summit software (both from Cytomation). Dead cells
were excluded by gating of forward and side scatter.
MoFlo Sorting
Lymphocytes or thymocytes were stained with appropriate anti-
bodies and were subjected to double sorting on MoFlo sorter (Cyto-
mation). Purity of CD4+CD252CD442 and CD4+CD25+ populations
were >99% and >98%, respectively. These populations were subse-
quently subjected to single-cell sorting.
Single-Cell RT-PCR
Single cells were sorted from pure, double-sorted populations di-
rectly into 96-well low-profile PCR plates containing 5 ml of 13 RT
buffer and 2U of RNAsin (Promega). cDNA synthesis was done
with M-MLV reverse transcriptase and Random Hexamers (all from
Promega). The entire 10 ml cDNA reaction was used for two rounds
of nested PCR, via Taq polymerase (Eppendorf) according to the
protocol (see details in Supplemental Experimental Procedures).
Products from the second PCR for Va2 were directly sequenced
with Va2_287s primer in DNA sequencing core facilities at the Med-
ical College of Georgia (Augusta, GA) and University of California
(Riverside, CA).
RT-PCR and Two-Dimensional, Fluorescent, Single-Stranded
Conformational Polymorphism Analysis of Va2 Repertoires
RNA was isolated from sorted populations by means of Trizol ac-
cording to manufacturer’s protocol (Invitrogen). cDNA synthesis
was done with M-MLV reverse transcriptase and Random Hexamers
(all from Promega). cDNA was amplified in a standard PCR reaction
with Va2-specific primers (Va2_287s, CA_29r). 2 ml of PCR product
was used as a template for a run-off reaction with a fluorescent
primer Va2_287s labeled on the 50 end with 6-FAM, Cy3, or Cy5 (syn-
thesized by IDT Inc.). The denatured fluorescent products were then
subjected to 2D electrophoresis as previously described for radiola-
beled PCR products (Baron et al., 2003). The detailed protocol will
be described elsewhere. In brief, first fluorescent products were
separated on a denaturing 8% polyacrylamide gel in capillary elec-
trophoresis. Gel noodles were pooled out of capillaries, trimmed,
and loaded on a second dimension of nondenaturing MDE (Cam-
brex) slab gel. Fluorescent images were acquired by scanning theslab gel in a Typhoon 9410 imager (Amersham-Pharmacia). Images
were analyzed with Image Master 5.0 Platinum software (Amer-
sham-Pharmacia).
Spot Picking
Spot picking was done with an Ettan Spot Picker (Amersham-Phar-
macia). To prevent crosscontamination between excised gel pieces,
spots were picked from lowest to highest intensity.
In Vitro Proliferation Assay
2 3 104 lymphocytes sorted as described above were cocultured
with 5 3 105 irradiated (3000 Rad) spleen cells for 3 days in 96-well
flat-bottom plates (Costar). Wells were coated overnight with
10 mg per ml of anti-CD3 (145-2C11) where indicated. During the
last 12–16 hr of the culture, incorporation of [3H]thymidine (0.5 mCi
per well) by proliferating lymphocytes was measured.
Statistical Analysis
The Similarity indices and richness estimators were determined with
EstimateS and Spade software designed to measure biodiversity
(http://viceroy.eeb.uconn.edu/estimates; http://chao.stat.nthu.edu.
tw). The appropriate equations can be found in help files for the
abovementioned software.
Supplemental Data
Supplemental Data include four figures and Supplemental Experi-
mental Procedures and can be found with this article online
at http://www.immunity.com/cgi/content/full/25/2/249/DC1/. Fig-
ure S1 shows ability of TCRmini repertoire to respond to many exog-
enous and self-derived peptides bound to Ab. Figure S2 shows
nucleotide sequences of most abundant CDR3a regions shown in
Figures 2 and 4. Figure S3 shows 2D-F-SSCP profiles of Va2+
TCRa chains in wild-type mice. Figure S4 shows that endogenous
TCRb chains are not expressed in TCRmini mice.
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